(Lo et al., 1999), leaving open the question as to whether Phox2a can induce a full NA phenotype in the PNS or CNS in vivo.
Even though Phox2a is upregulated in LC progenitors, little is known about the signals that are required for its induction in these cells. Studies in cultured sympathetic progenitors gave rise to the hypothesis that Phox2b is induced by BMP2 and 4, which are normally produced in the dorsal aorta where the primary sympathetic chain forms (Reissman et al., 1996) . Phox2a, on the other hand, was suggested to be induced in sympathetic progenitors by Phox2b in combination with Mash1, a helix-loophelix transcription factor that is also induced by BMP2 and 4 ( in the soulless mutant. The soulless mutant also exhibits data) fail to develop Phox2a-expressing LC progenitors, defects in subpopulations of non-CA neurons including whereas smad5 (somitabun), which is a weak mutant in cranial motor and sensory neurons (data not shown). BMP signaling (M. C. M., unpublished data), gives rise Taken together, these results suggest that the soulless to supernumerary NA neurons.
gene is required for the development of multiple populaThese findings support the idea that Phox2a is necestions of neurons. sary and in some cellular context sufficient for the induction of NA neurons in vivo and that the development of soulless Encodes a Paired Homeodomain Protein LC neurons is dependent in part on cooperating FGF8
Homologous to the Mouse Phox2a and optimal BMP signals that converge on the future To identify the gene that had been disrupted in soulless, anterior dorsal hindbrain. The findings that BMP is rewe genetically mapped the mutation to linkage group quired for the expression of LC neurons further suggest (LG) 15, near polymorphic microsatellite markers Z24 the existence of general signaling systems that specify and Z6418 (Figures 2A and 2B ). In parallel, we have NA identity in both CNS and PNS (Varley et al., 1995;  cloned zebrafish homologs of rodent and human genes Reissman et al., 1996; Varley and Maxwell, 1996; Lo et known to be involved in the development, survival, or al., 1998, 1999). function of CA neurons. These include th, dbh, nurr-1, ret, phox2a, and phox2b. Among these, the zebrafish phox2a, which display ‫%66ف‬ identity at the amino acid Results level to its mouse homolog ( Figure 2D) together, these data provide strong evidence that mutations in phox2a are responsible for the soulless pheBoth mutations change highly conserved amino acids in the homeodomain, which is thought to be essential notype.
Phox2a/Soulless Is Expressed in Neural Progenitors that Give Rise to LC, Cranial Motor, and Sensory Neurons
To further examine whether phox2a can be responsible for the soulless phenotype, we have examined its tissue distribution in the developing zebrafish. In the tailbud stage ‫01ف(‬ hpf) embryo, Phox2a is found near the mid/ hindbrain boundary of the neural plate ( Figure 3A) . Subsequently, at the 6-to 8-somite stage ‫21ف(‬ hpf), as the neural plate undergoes convergence and extension, Phox2a becomes confined to several medial stripes representing future ventral hindbrain neurons ( Figure 3B (Figures 4M and 4N) . The soulless/Phox2a gene is also expressed in many caudal hindbrain neurons and in the sympathetic ganglia (Figures 4I and 4J ). However, these neurons, in which expression of Phox2b precedes and is independent of Phox2a ( Figures 4K-4N ), are apparently normal in soulless mutant embryos (data not shown). Given the finding that Phox2a/Soulless is first expressed in LC progenitors at the dorsal anterior hindbrain of 10-somite embryos, we further examined whether induction location in WT siblings ( Figure 4K ) was never detected in soulless mutant embryos ( Figures 4L and 4N) .
Phox2a/Soulless Can Induce TH and DBH Positive Neurons in Ectopic Locations
of Phox2a/Soulless positive cells at this location is dependent on secreted signals from the immediate enviIn contrast to the LC progenitors, a normal complement of Phox2a-expressing oculomotor-trochlear motor ronment. First, we have tested possible involvement of FGF8 in the confinement of these cells to the rostral nuclei and cranial sensory ganglia were still present in Figures 6I and 6L) . Taken together, these findings support the idea that Phox2a/ essary, FGF8 and BMP may not be sufficient for the express inactive Phox2a/Soulless transcript are born in the typical dorsal anterior hindbrain and begin ventrolateral migration ‫9ف‬ hr later. Yet, before they start expressDiscussion ing the neurotransmitter synthesis enzymes DBH and TH, their loss becomes evident by the gradual disapBy taking a systematic genetic approach in the zebrafish, we have identified a series of mutations that affect pearance of the Phox2a/Soulless mRNA. Therefore, Phox2a/Soulless appears to be required cell autonocell identity in the nervous system (Guo et al., 1999) . Specifically, we report here that soulless, which is remously for the initiation of NA cell identity and in its absence progenitors that would have become LC neuquired for specification of the brain NA center LC as well as for subsets of cranial motor and sensory neurons, rons either differentiate into another neuronal cell type or undergo apoptosis. Phox2a/Soulless is not only necis the homeodomain containing protein Phox2a. Furthermore, we show that Soulless/Phox2a is not only necesessary but also in part sufficient for the specification of NA cell fate. This is evident from the finding that its sary but in some cellular contexts also sufficient to promote NA cell identity in vivo and that it mediated its ectopic expression in the developing zebrafish embryo in vivo results in the induction of TH ϩ DBH ϩ neurons actions in part through the induction of Phox2b. Finally, we provide evidence that the induction of Phox2a/Soulthroughout the nervous system. Ectopic expression of Phox2a in the chick embryo was also shown recently less in LC neurons is dependent on cooperating FGF8 and optimal BMP signals that intersect at the dorsal to induce DBH and TH, the panneuronal genes SCG10 utilize the neurotransmitter acetylcholine and cranial sensory neurons that largely use glutamate and/or aspartate as their neurotransmitter. These findings suggest that Phox2a is a versatile transcription factor that can execute different functions in different cellular contexts. Interestingly, although the LC neurons are specified in the dorsal hindbrain, they subsequently occupy a ventrolateral position, suggesting that they migrate ventrally from their birthplace. The mechanism that controls this migration process is not understood but appears to be independent of Phox2a since initial migration is observed in the soulless mutant. The Slit protein was recently shown to control the migration of progenitors from the anterior subventricular zone in the telencephalon to the olfactory bulb (Wu et al., 1999) and of GABAergic neurons from an extracortical origin to the neocortex (Zhu et al., 1999) by repelling these progenitors from their birthplace. It will be interesting to determine whether migration of LC neurons is controlled in a similar manner. We now provide evidence that the NA identity of neuvous system. Interestingly, Phox2b is not only induced by Phox2a but in turn can induce NA cell identity, sugrons in the CNS is also dependent on multiple signals from their environment. Specifically, we show that DBHgesting that it may mediate in part the actions of Phox2a. It is important to note that activation of the dbh and and TH-expressing LC neurons fail to develop in the absence of BMP2 or 7 or of FGF8 and that optimal levels th genes coincides with a significant decrease in the expression levels of both Phox2a and Phox2b. Either of BMP signal can lead to the induction of ectopic LC neurons in the dorsal hindbrain. The dependency of LC low level of these two transcription factors is sufficient to maintain the expression of DBH and TH, or, once neurons on these two families of signals that converge on the dorsal aspect of the mid/hindbrain boundary apinduced, the dbh and th genes become independent of Phox2a and Phox2b. Although Phox2a plays a key role pears to be responsible in part for their confinement to the anterior dorsal hindbrain. In the absence of BMP or in NA cell identity, the soulless mutants and the Phox2a-deficient mice (Morin et al., 1997) revealed that it is FGF8, Phox2a is also never expressed in LC progenitors, indicating that BMP and FGF8 are also essential for required also for the development of other neuronal classes. These include the cranial motor neurons that transcriptional activation of this gene. The fact that a surplus of LC progenitors is generated in weak mutaAlternatively, the varied response of neural progenitors to BMP and/or FGF8 may stem from differences in tions in the BMP pathway implies that BMP is required in a concentration-dependent manner and not as an on/ the effective concentration of factors to which they are exposed or from influence of additional locally produced off switch for the induction of different dorsal cell fates. The BMPs were shown to act as morphogens to specify signals. Most likely, the choice of cell fates that result following exposure to FGF8 and BMP is a summation of the Drosophila wing ( factors. 
Specification of NA Neurons in the CNS and PNS Requires Multiple Signals
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